This paper reports on a practical HBT distributed amplifier MMIC suitable for optical receiver applications. The circuit topology is based upon application of a novel technique which allows baseband operation in conjunction with dc bias stabiliastion and does not consume a large amount of chip area. 2x2 umn2 single emitter finger InGaP/GaAs HBTs with fT = 60 GHz and pdc 100 have been employed. Simulation results show a bandwidth extending from neardc to 23 GHz and an S21 gain of 11±1 dB at midband. The amplifier has a transimpedance gain of 45± 1 dBQ and a group delay variation of± 30 ps across the passband. Eye diagram simulations indicate its potentialfor handling data rates of up to 30 Gbit/s when employed as an optical receiver preamplifier.
INTRODUCTION
High bit rate optical communication systems require wideband optical receiver preamplifiers. For intersymbol interference free operation the upper cut-off frequency of the preamplifier must be greater than 0.7 times the bit rate of the non-return-to-zero (NRZ) digital signal [1] . In addition, the amplifier's gain must extend to sufficiently low frequencies, typically less than 100 kHz [2] so that long bit streams can be processed without introducing bit pattern induced errors. The required lower cut-off frequency is determined by the system standard used. For example, with the Synchronous Digital Hierarchy standard the lowest bit stream frequency is 8 kHz, although in practice a lower frequency limit of 30 kHz is sufficient for most applications [1] .
The wide bandwidth of distributed amplifiers (DAs) renders them particularly suitable for use in high bit rate optical communication systems. MESFET and HEMT based DAs have been widely demonstrated [2] [3] [4] , but the use of HBTs in DAs is a relatively new approach [5] [6] [7] . HBTs are expected to offer linearity, 1/f noise and power handling advantages over their MESFET/HEMT based counterparts, in addition to requiring less stringent lithographic requirements [8] .
HBT BASED DISTRIBUTED AMPLIFIERS
To a large extent, the gain-bandwidth product of a distributed amplifier is determined by that of its constituent gain cells, which usually take the form of common-emitter HBTs (or common-source MESFETs/HEMTs) or cascode stages. In practice, a biasing arrangement must be implemented which does not compromise the gain-bandwidth product and dc bias stability of the amplifier. Due to the inherent current-controlled nature of HBTs, dc bias stabilisation with respect to ambient temperature variations poses a greater problem for HBT amplifiers than it does for those based on MESFETs/HEMTs. Various active biasing techniques exist for providing bias stabilisation, but incorporating them into a distributed amplifier circuit structure can be problematic and may result in compromises in performance. A simple method of providing a reasonable degree of stability of HBT collector current in the presence of moderate temperature changes is to employ an emitter resistor, R, as shown in Fig. 1 . The voltage, Vemit at the emitter terninal helps to minimise the effects of temperature induced changes in the base-emitter voltage of the transistor and thereby, helps to stabilise the collector current. In order to minimise gain reduction at low frequencies due to ac negative feedback, it is necessary to bypass Re with a large emitter decoupling capacitor, Ce. In practice, the MMIC chip area available is limited, which restricts the value of C, to several tens of pF. This limitation results in insufficient bypassing of the emitter resistor at low frequencies causing gain reduction and thereby, increases the lower 3 dB cut-off frequency. In effect, there is a trade-off between having dc bias stability and sufficient gain at low frequencies. The majority of the HBT based DAs reported in the open literature have been designed without bias stabilisation emitter resistors [5, 6] . As a consequence, the performance of such amplifiers is prone to noticeable change in the presence of ambient temperature variations. Suzuki et al. [7] have reported a HBT distributed amplifier employing emitter resistors for the specific purpose of reducing output signal distortion.
In a previous paper [9] we introduced the basics of a new technique for achieving simultaneous baseband operation and dc bias stabilisation of HBT based distributed amplifiers with respect to moderate ambient temperature variations. This technique does not employ large emitter decoupling capacitors and therefore results in a saving of chip area. Here, we present details of the application of this technique to produce a practical HBT distributed amplifier with the potential for use as a receiver in high bit rate optical communication systems. A similar technique has also been applied to high speed HBT based buffers and is reported in [10] .
DESIGN TECHNIQUE FUNDAMENTALS
In Fig. 2(a) Zermt is the impedance seen looking into the emitter terminal of a common-collector HBT. Fig. 2(b) shows the simplified hybrid-it equivalent model of such a HBT circuit from which Zhmit can be obtained as follows [9] : Zemit R(w) +jX() (3) Fig. 3 shows the resistive and reactive components of Zemit when a HBT with fT 60 GHz is employed in the commoncollector circuit of Fig. 2(a) , where for clarity, extension of the two curves to dc has been omitted. It can be seen that Zem4 remains dominantly resistive up to =fT of the transistor. Moreover, R(o.) assumes a low value of several tens of Ohms up to frequencies approaching fT. It is these resistive properties of Zemit that form the basis of the new technique. 4 resembles that of a differential amplifier, but its operation differs in a fundamental way in that the common-collector HBT is utilised purely as an impedance. By considering Z4mit it can be seen that the common-collector HBT behaves like a low value resistor in parallel with R,. Consequently, the effective resistance present at the emitter terminal of the common-emitter HBT is reduced, even at low frequencies, thereby allowing gain to be extended into the baseband region. In addition, bias stability with respect to temperature variations is not compromised because the dc emitter voltage, V0nut can be maintained. Moreover, the common-collector HBT consumes considerably less chip area than an emitter decoupling capacitor. Fig. 5 contrasts the simulated gain of the actively and passively bypassed amplifiers depicted in Fig. 4 and Fig. 1 , respectively, where gain extension to dc has not been shown for clarity. The amplifier with active bypassing has an essentially flat 4 dB gain from near-dc to approximately 20 GHz and an upper 3 dB cut-off frequency of 73 GHz. The lower and upper 3 dB cut-off frequencies of the amplifier utilising passive bypassing are close to 0.5 GHz and 62 GHz, respectively. Its midband gain approaches 10 dB due to the low impedance of Ce in this operating region, but at low frequencies it deteriorates considerably to -1 dB. The gain flatness and extension of gain down to dc in the active bypassing case is achieved at the expense of gain itself. This occurs because Zemit remains resistive, effectively at all frequencies within the passband and thereby lowers the overall gain of the amplifier.
Earlier work [9] has shown that in order for the active bypassing technique to be effective, the common-collector HBT must possess low values of rbi, rbx, r,,, r, and c,, so as to minimise the resistive component of Zmt. It can be seen from equation (1) that with the exception of re, all of the other terms of Zemit are divided by PIac which aids reduction of R(p).
Therefore, high values of IXc and fT are necessary to ensure that impedance scaling via ftc occurs over a sufficiently wide bandwidth. The overall effectiveness of the active bypassing technique depends to a certain extent on the actual common-emitter HBT amplifier which possesses the emitter resistor requiring bypassing. This occurs because the ac feedback fraction arising from the coupled emitter terminal depends on both the characteristics of the common-emitter HBT, as well as on the effective impedance present at its emitter terminal.
Although the circuit shown in Fig. 4 can be used to demonstrate the technique of active bypassing by means of simulations, its biasing arrangement renders it unsuitable for use as a practical amplifier. This is because the circuit is 28th European Microwave Conference Amsterdam 1998 sensitive to power supply variations which can produce differences in the base-emitter voltages of the HBTs causing one of the HBTs to either cut-off or saturate. Appropriate modifications have been made to the biasing arrangement when the active bypassing technique is employed in the distributed amplifier design and are discussed in the following section. When applied to a practical amplifier, the active bypassing method has several disadvantages in that the common-collector HBTs introduce extra noise and also cause an increase in power consumption. Furthermore, the presence of these HBTs necessitates an additional power supply.
HBT BASED DA CIRCUIT STRUCTURE AND LAYOUT Fig. 6(a) shows the overall circuit structure of the HBT based distributed amplifier where the number of sections was chosen to be four in order to maximise its gain-bandwidth product. The input and output artificial transmission lines (ATLs) are constructed in a microstrip environment and are both terminated by 50 Q loads, Rb and R&, respectively. A 10 Q2 resistor, R. is used to flatten gain response peaks that arise from the presence of a bondwire in the Vc,2 supply rail. The nine grounded capacitors in the circuit help to decouple the V,,2 and V, supply rails. Fig. 6(b) shows the schematic of each cascode gain cell. The cascode cell formed by transistors Qi and Q2 is used to increase the upper cut-off frequency of the amplifier. Q2 is biased by the potential divider formed by resistors Rfb and RCb, where Ccb serves as an ac bypass capacitor for the latter. Rfb provides ac negative feedback in order to maintain unconditional stability of the cascode cell. However, in doing so it also causes a reduction in the bandwidth of the DA. The design value of Rfb was selected so as to ensure unconditional stability of the cascode cell whilst minimising the loss of bandwidth. Bias stabilisation with respect to ambient temperature variations of the common-emitter HBT, Qi is achieved through the use of Re, across which exists a potential difference of approximately 2 V. Following the discussion of active bypassing in the previous section the common-collector transistor, Q3 is used to provide bypassing of R, at signal frequencies. Re also serves to stabilise Q3 at dc. The dc base voltages of Qi and Q3 are both close to zero volts because the high Idc values ensure minimal base currents. A bypassed resistor, RCC is necessary to equate the near-zero dc base voltage of Q3 to that of Ql. Consequently, the RIIIR2IICa term in equation (1) The distributed amplifier employs 2x2 rnm2 single emitter finger InGaP/GaAs HBTs with fT = 60 GHz and 3dc -100.
The nominal operating point of each HBT was chosen to be I = 1.5 mA and V,, = 2.5 V in order to maximise current gain. HBTs with larger areas were constructed by connecting several 2x2 jm2 HBTs in parallel. Qi and Q2 are both composed of two HBTs in parallel as this was found to offer a good compromise between the gain and input capacitance of the cascode cell which directly affects the upper cut-off frequency of the input ATL. A parallel combination of four HBTs has been chosen for Q3 in order to decrease the resistive element of the impedance (Z4) seen looking into its emitter terminal. Fig. 7 shows the layout of the HBT based DA implemented in MMIC form. Four identical actively bypassed cascode cells are present in the centre of the pad frame, each containing eight HBTs. The layout topology of the cascode cell is based upon a compromise involving minimising both the chip area consumed and the interconnect inductance between components, as well as reducing electromagnetic coupling. Since each cell requires four grounding points, adjacent cells share substrate vias in order to minimise consumption of chip area. The positions and orientations of the HBTs of the cascode cell and those of the active bypassing circuit were chosen to eliminate bends in the interconnect metal which may affect amplifier performance due to electrical line length shortening effects. At high frequencies the nonideal characteristics of the thin film feedback resistor, Rfb cause its resistance to decrease, thereby resulting in a reduction in bandwidth. It was found that keeping the dimensions of Rfb to a minimum helped to maintain its nominal resistance value at high frequencies. The common-base HBT biasing resistor, Rcb has no function at ac and was therefore meandered to save space. The dimensions of Rcb were kept large so that its dc resistance value decreased at high frequencies, thereby aiding grounding of the base of the common-base HBT.
Meandered input and output microstrip transmission lines can be seen at the lower and upper halfs of the layout, respectively. Their lengths were optimised for maximum gain-bandwidth product. Curved bends with large radii of curvature have been utilised to minimise line shortening effects and the separation between adjacent bends has been kept large in order to reduce electromagnetic coupling. The input line is terminated by the grounded 50 £2 resistor, Rb present in the lower right quadrant of the chip and carries a current of 124 pA. At dc the output line carries a total current of 16 mA and is terminated by the 50 £2 resistor, R,. It also functions as the positive VcC1 power supply rail. Simulations showed that good grounding of R, could be implemented externally through the Vc,1 power supply, but a large decoupling capacitor was included nevertheless if the need arises to ground Rc internally. The positive Vcc2 supply rail runs along the upper half of the layout and carries a dc current of 24 mA, whilst the negative Vee rail runs along the lower half and carries approximately 36 mA. Both supply rails were kept wide in order to reduce their inductances and
connecting substrate vias to the appropriate pads on the chip frame. Passive and active test structures separate from the amplifier have been placed at the upper and lower edges of the MMIC, respectively. The chip measures 2.5x2.5 mm2 and is expected to dissipate 220 mW of power. Off-chip ac coupling capacitors are required for correct operation of the distributed amplifier because sufficiently large metal-insulator-metal capacitors cannot be integrated on-chip.
SIMULATION RESULTS
Simulations of the HBT based distributed amplifier were carried out using full MMIC element models, with 0.2 nH bondwires also included. Fig. 8(a) shows that the lower 3 dB cut-off frequency of the amplifier is approximately 80 kHz. Extension of midband gain to dc is limited only by the size of the off-chip ac coupling capacitors which in this case was taken to be a practical value of 30 nF. Fig. 8(b) shows S-parameter simulation results from I GHz to 30 GHz. S21 iS 1 1±1 dB over the passband and the upper 3 dB cut-off frequency of the amplifier is 23 GHz. SI, and S22 are both less than -5 dB across the entire passband. The gain-bandwidth product of the amplifier was found to be limited by three main factors related to circuit topology and elements other than the HBTs and bondwires. Midband gain was deteriorated by the active bypassing circuit through the mechanism outlined in a preceding section. Bandwidth was reduced as a result of the resistor Rfb decreasing in value at high frequencies, thereby causing excess negative feedback within the cascode cell. The increase in inductance and to a lesser extent, in resistance of the input and output microstrip transmission lines at high frequencies resulted in the characteristic impedance of the artificial lines deviating significantly from 50 £7. This caused a loss of gain-bandwidth product through reflections from the port terminations and can be seen in Fig. 8(b) as an increase in SI, and S22 at high frequencies.
The ratio of gain-bandwidth product (GBP) to that of active devicefT is a figure of merit that indicates the effectiveness of a circuit structure in exploiting the high performance characteristics of the HBTs. For the design under consideration GBP = 81.6 GHz, fT = 60 GHz, making GBP/fT = 136. As a simple comparison, a current high performance HBT distributed amplifier reported by Kobayashi et al. [6] employing InP based HBTs with fT-80 GHz achieves a gain of -6dB and a bandwidth of 55 GHz. This results in GBP = 109.7 GHz and GBP/fT = 1.37.
The HBT distributed amplifier has a midband transimpedance gain of 45±1 dBQ2 and frequency response characteristics similar to those of S21. Its group delay variation is ±30 ps across the passband. Fig. 9 
